Diatoms are important contributors to aquatic primary production, and can dominate phytoplankton communities under variable light regimes. We grew two marine diatoms, the small Thalassiosira pseudonana and the large Coscinodiscus radiatus, across a range of temperatures and treated them with a light challenge to understand their exploitation of variable light environments. In the smaller T. pseudonana, PSII photoinactivation outran the clearance of PSII protein subunits, particularly in cells grown at sub-or supra-optimal temperatures. In turn the absorption cross section serving PSII photochemistry was down regulated in T. pseudonana through induction of a sustained phase of non-photochemical quenching that relaxed only slowly over 30 min of subsequent low light incubation. In contrast, in the larger diatom C. radiatus, PSII subunit turnover was sufficient to counteract a lower intrinsic susceptibility to photoinactivation, and C. radiatus thus did not need to induce sustained non-photochemical quenching under the high light treatment. T. pseudonana thus incurs an opportunity cost of sustained photosynthetic down-regulation after the end of an upward light shift, whereas the larger C. radiatus can maintain a balanced PSII repair cycle under comparable conditions.
Introduction
Diatoms (Bacillariophyceae) are a major group of microalgae ubiquitous in all marine and freshwater ecosystems. They contribute about 40% of aquatic primary production and are thus central to biogeochemical cycling (Field et al. 1998; Strzepek and Harrison, 2004) . Diatoms tend to dominate ecosystems characterized by highly mixed water bodies, where they have to cope with rapid changes in the underwater light climate. Depending on the rate of water mixing and depth of the upper mixed layer, diatoms can be exposed to episodic excess light, generating stressful conditions that impair photosynthesis through photoinactivation, down-regulation, or oxidative stress (Long et al. 1994; Lavaud, 2007; Dubinsky & Stambler, 2009; Janknegt, et al, 2009 ).
To cope with the potentially damaging effects of light, and to maintain photosynthesis, diatoms, like all oxygenic photoautotrophs, must counter the photoinactivation of photosystem II (PSII) with repair through proteolytic removal of photodamaged proteins (Silva et al. 2003; Nixon et al. 2010 ) and the coordinated insertion of newly synthesized subunits into the thylakoid membrane (Aro et al. 1993; Komenda et al., 2012) . If photoinactivation outruns the rate of repair, the PSII pool suffers net photoinhibition (Aro et al. 2005; Nishiyama et al. 2005 Nishiyama et al. , 2006 Murata et al. 2007) , leading ultimately to a decrease in photosynthetic quantum yield and/or capacity. In comparison with other marine phytoplankton groups, including cyanobacteria and prasinophyte green algae (Six et al. 2007 (Six et al. , 2009 ), diatoms show a lower susceptibility to primary chlorophyll a/b antenna, where the grana stacks impose spatial and temporal organization upon PSII repair (Aro et al., 1993; 2005; Nixon et al., 2010) .
Upon a sudden increase in irradiance, another important short-term process for the photoprotection of PSII is the nonradiative dissipation of excess energy (Müller et al., 2001 ).
Diatoms can dissipate excess light energy through distinct mechanisms of nonphotochemical quenching (NPQ) to limit overexcitation of their photosystems (Bailleul et al., 2010; Depauw et al., 2012; Eisenstadt et al., 2008; Grouneva et al., 2008; 2009; Lavaud et al., 2002a; 2002b; 2004; Lepetit et al., 2012; Zhu and Green, 2010) .
Some NPQ mechanisms are associated with the operation of a xanthophyll cycle, which converts epoxidized to deepoxidized forms of certain xanthophylls. The carotenoid pigments in diatoms include fucoxanthin, β ,β-carotene and the xanthophyll-cycle pigment diadinoxanthin (Dd), which can be deepoxidized to form diatoxanthin(Dt). A pH gradient across the thylakoid membrane mediates NPQ formation (Lavaud et al., 2006) . Diatom NPQ can be linearly related to the Dt content (Lavaud et al., 2002a, b; 2004; 2007) , but species and ecotypes vary in their induction of NPQ (Lavaud et al., 2004; Schumann et al. 2007; Bailleul et al., 2010) . Recently, Bailleul et al. (2010) and Zhu and Green (2010) showed evidence that the magnitude of NPQ induction is correlated with the expression level of Lhcx members of the chlorophyll a/c light harvesting protein family.
The ability of diatoms to grow and dominate in light environments with large fluctuations in irradiance suggests an unusual photosynthetic flexibility, especially in harvesting, using or dissipating (Janknegt et al., 2009; Waring et al., 2010) variable levels of light energy over short time scales. Diatom growth and metabolism is also affected by temperature (Anderson, 2000) , and the surface temperature of ocean waters is now expected to rise by 1-7 o C by 2100 (Houghton et al., 2001) . Such an increase in temperature might influence diatom dominance of variable environments by modifying diatom responses to sudden increases in irradiance. We earlier showed that the primary susceptibility to the photoinactivation of Photosystem II is inversely proportional to cell volume in diatoms (Key et al., 2010) , so small and large diatoms have different balances between light-dependent photoinactivation and the counteracting temperature-dependent metabolic repair of Photosystem II. We therefore quantitatively analyzed PSII photoinactivation, subunit turnover, pigment dynamics and the kinetics of NPQ formation in two marine centric diatoms, the small Thalassiosira pseudonana and the large Coscinodiscus radiatus, cultured under different temperatures and treated with a light challenge, to understand how PSII photoinactivation and repair, pigment dynamics and Lhcx isoforms interact to generate the strong diatom capacity to exploit variable light. , approximating a rapid mixing up to the light field in the upper third of the photic zone. After the light challenge, cells were shifted back to their original low growth light to track recovery and relaxation processes.
Results

Photoinhibition of the Photochemical Yield of PSII
We used a multiple turnover saturating flash and modulated fluorometer to estimate the maximum photochemical yield of PSII using the F V /F M ratio. In the smaller species T. (Fig.1D, E) .
Turnover of PSII Subunits
We quantified the levels and variation in the content of key PSII proteins PsbA and PsbD during the 90-min high-light exposure and the subsequent 30-min recovery, for cells grown across a range of temperatures. T. pseudonana showed no significant change in total PsbA content in the control cells with active PSII repair cycles ( Fig.2 A-C (Fig.3B ) or remained nearly steady in those grown at 24 o C (Fig.3C ). At all temperatures T. pseudonana cells treated with lincomycin showed a significant decline in PsbD (p<0.05), which did not recover during the subsequent 30 min at lower light (Fig. 3A ,B,C).
Coscinodiscus radiatus showed a signficant accumulation of PsbD content upon a shift to high light (p<0.05), which was blocked by the addition of lincomycin both at 18 and 24 o C ( Fig.3D,E) .
Overall, the changes in the pools of PsbA and PsbD show significant departures in magnitude and even in direction from the patterns of PSII activity shown in Figure 1 .
In Figure 4 we plot the first order rate constants for removal of PsbA versus the rate constant for photoinactivation of PSII, for cells treated with lincomycin to block counter-acting repair processes. In T. pseudonana photoinactivation consistently outruns the removal of PsbA.
In C. radiatus the rate constants for removal of PsbA nearly meet the slower rate constants for photoinactivation of PSII. Both diatoms show a saturation profile for the rate constant for removal of PsbA, which reaches a maximum of about 8 x 10 -5 ± 2 x 10 -5 s -1 (estimated using a
Michaelis-Menten fit of the data with an overall R 2 of 0.45), even though photoinactivation can be much faster under high light treatments. The rate constant estimates for treatments under red and white light are derived from data originally published in Wu et al. (2011) .
Changes in Pigmentation
The major pigments in T. pseudonana and C. radiatus are chlorophyll a, chlorophyll c 2 , fucoxanthin, diadinoxanthin (Dd), diatoxanthin (Dt) and β ,β-carotene. Growth temperature did not cause large changes in the pigment content in either species under the low growth light level of 30 μ mol m -2 s -1 (Table 1 ). The levels of chlorophyll a, chlorophyll c 2 , fucoxanthin and β ,β-carotene were steady throughout the high-light shift and the subsequent recovery periods in both species, both in the absence and the presence of lincomycin (data not shown), so our cultures neither lost nor accumulated net light harvesting pigments during our short high light treatments.
In T. pseudonana, Dd was rapidly deexpoxidized to Dt when cells were shifted to higher pseudonana ( Fig. 5D ,E).
NPQ induction and PSII Functional Absorption Cross Section
Diatoms have significant capacities to induce different phases of NPQ, which lower the achieved photochemical yield of PSII. Figure 6 shows the dynamic NPQ d phase, which relaxes within 5 min of dark incubation and is re-induced during a brief exposure to the treatment light; the sustained NPQ s phase which persists beyond 5 min of dark incubation, and the total NPQ t = 
Discussion
PSII photoinactivation can outrun PSII protein turnover
Turnover of the PsbA protein is required for PSII repair and restoration of PSII photochemical activity after photoinactivation (Aro et al., 1993; Murata et al., 2007; Edelman and Mattoo; 2008; Nixon et al., 2010; Komenda et al., 2012) , but PSII repair is a separate, multi-step process that shows kinetic departures from PSII photoinactivation ( pseudonana grown under low light the clearance of PsbA protein is light saturated at <450 μ mol photons m -2 s -1 (Wu et al. 2011; Wu and Campbell, unpub.) , with a maximum rate constant of about 8 x 10 -5 s -1 (Fig. 4) . We initially anticipated that clearance of PsbA, as a process of protein metabolism, would show a positive correlation with growth temperature. In fact, the rate constant for removal of PsbA (Fig. 4) and the growth rate of T. pseudonana (Table 1) (Table 1) it achieves rate constants for removal of PsbA similar to T. pseudonana ( Fig radiatus (Fig. 4) . We suspect that the saturation of the rate constant for removal of PsbA at around 8 x 10 -5 s -1 (Fig. 4 ) reflects a fundamental property of the PSII repair cycle in these diatoms, with their triply stacked thylakoids and lack of apparent grana/stroma regions (Lepetit et al., 2010) , rather than a size-dependent variable related to size scaling of growth rate or metabolic rate (Finkel et al., 2001 ). These differences in the balance between photoinactivation and PsbA and PsbD turnover in T. pseudonana and C. radiatus prove to have important consequences for the different induction patterns of non-photochemical quenching and antenna function in the two species under comparable light treatments.
Antenna function and induction of non-photochemical quenching
Algae can respond to sustained high light by changing the size of the PSII antenna by modifying the composition and the arrangement of pigments in relation to the PSII reaction center content, a strategy termed σ -type acclimation (Falkowski and Owens 1980; Dubinsky & Stambler, 2009) . In this study, except for the xanthophyll cycle pigments, neither species showed short-term changes in their contents of accessory pigments or chlorophyll a (data not shown), and the functional absorption cross sections (σ PSII and σ PSII ') of the two species remained nearly stable during the 90 min high-light exposure (Fig. 7) . For T. pseudonana cultures that suffered progressive loss of PSII function in the presence of lincomycin (Fig.1A-C, closed symbols) , the σ PSII of the remaining PSII centers showed a modest increase after the 90 min high-light exposure (Fig. 7A-C) , consistent with limited connectivity across the antennae serving the active PSII centers (Mauzerall, 1982 Fig. 7A-C) , showing strong short-term down regulation of antenna function in the face of increasing light. The magnitude of this down regulation is mirrored by light induction of non-photochemical quenching (Fig. 6 ), which is mediated at least in part by the diatom xanthophyll cycle (Lavaud et al. 2002b; Goss and Jakob, 2010) . In C. radiatus σ PSII ' remained much closer to σ PSII (Fig. 7D ,E), consistent with very limited induction of NPQ s and lower overall NPQ t under our treatment conditions. In T. pseudonana diadinoxanthin (Dd) deepoxidated rapidly to diatoxanthin (Dt) when cells were shifted to high light, and the pool size of Dd + Dt increased significantly during the high light exposure in both diatom species (Fig. 5) . In diatoms one Dd pool representing 40-60% of the total has a very low turn-over (Goericke and Welschmeyer 1992), is not convertible into Dt (Lohr and Wilhelm 2001; Lavaud et al. 2004; Fig. 5 ) and may contribute to structural stabilization of pigment-protein complexes (Pascal et al. 1998) . The other diatom Dd pool, representing 50-60% of the total, has a much higher turn-over (Goericke and Welschmeyer 1992) , is converted into Dt, and may also serve as the precursor for fucoxanthin synthesis (Goericke and Welschmeyer 1992; Lohr and Wilhelm 1999, 2001 ). In our study the net fucoxanthin content was stable across the higher light treatment and the subsequent low light recovery period. However, fast accumulation of Dt from the deepoxidation of Dd was clear in T.
pseudonana, especially over the first 2 to 30 min of high light exposure (Fig. 5 and Zhu and Green, 2010) . In T. pseudonana the deepoxidation of Dd to Dt (DES) was not correlated with the rapidly reversible NPQ d (Fig. 8 and Zhu and Green, 2010) , but DES was linearly correlated with the extent of sustained NPQ s (Fig. 8B ) and with the total NPQ t (Fig. 8C ). Our NPQ s phase is consistent with the q I estimates of Zhu and Green (2010) and appears similar to the q Z quenching recently defined by Nilkens et al. (2010) , which correlated with deepoxidation of xanthophyll pigments in Arabidopsis.
Diatoms show complex regulation of non-photochemical quenching (Dimier et al., 2007; Eisenstadt et al., 2008; Goss and Jakob, 2010; Goss et al,.,2006; Grouneva et al., 2008; 2009; Lavaud, 2007; Lavaud et al., 2002; 2004; Lepetit et al., 2010; 2012; Lohr and Wilhelm, 1999) .
The differences among studies reflect physiological distinctions in the rates and magnitudes of induction and relaxation of NPQ phases across taxa (e.g. Fig. 6 ) or growth conditions (e.g. Fig.   8 ), but also differences in the experimental sequences and durations of light, dark and low light incubations (Goss et al., 2006; Zhu and Green, 2010) .
The slope of the correlation between NPQ s induction and DES varied with the growth temperature in T. pseudonana (Fig. 8B ). For the same amount of DES, more NPQ t was induced in cells at the sub-optimal growth temperature of 12 o C (Fig. 8C) , with less induction of NPQ t at the optimal growth temperature of 18 o C. Cells at 24 o C achieved higher DES (Fig. 8B, 8C ).
Variations in the efficacy of quenching induction in response to Dt accumulation occur among species (Lavaud et al., 2004) and across different ecotypes of Phaeodactylum tricornutum (Bailleul et al., 2010) . A lower quenching efficiency of Dt could result if the newly synthesized Dt pool is located in a lipid shield surrounding the fucoxanthin chlorophyll proteins (FCPs) and is not necessarily protein-bound (Lepetit et al., 2010; 2012) . In addition, studies by Eisenstadt et al. (2008 Eisenstadt et al. ( , 2010 showed that changes in the functional organization of the diatom PSII reaction centre under higher excess light could lead to the formation of NPQ independently of Dt.
Levels of members of the Lhcx pigment protein family are implicated in modulating the magnitude of induction of NPQ in diatoms. Zhu and Green (2010) showed that the expression of the Lhcx6 protein is associated with modulation of NPQ s induction in T. pseudonana, and Bailleul et al. (2010) showed a correlation between NPQd and one of the Lhcx1 homologs in Phaeodactylum tricornutum Therefore, diatoms possess overlapping means to dissipate excessive light energy. In Figure 9 we show that T. pseudonana has significant levels of Lhcx1 and Lhcx6 proteins during growth at 12 o C. These 12 o C cultures also show the highest baseline levels of total NPQ t (Fig. 8C ). Within 90 min of an upward shift to 450
pseudonana induced further expression of Lhcx1 and Lhcx6, with the magnitude of induction negatively correlated with growth temperature (Fig. 9A, B (Fig. 9 ) and de-epoxidated their xanthophyll cycle pigments (Fig. 5) to induce a sustained NPQ s phase of non-photochemical quenching (Fig. 6,   Fig. 10 , open symbols). T. pseudonana grown at sub-or supra-optimal temperatures showed yet more reliance on induction of NPQ s , to cope with a less effective PSII repair cycle with yet slower subunit clearance. The high level of sustained non-photochemical quenching down-regulated the T. pseudonana functional absorption cross section for PSII photochemistry (Fig. 7) , down-regulating PSII activity for up to 30 min during a subsequent downward light shift. The resulting opportunity cost of lost photosynthesis under variable light is large relative to the direct metabolic cost of PSII turnover and repair (Long et al., 1994; Raven, 2011) .
In contrast, in the larger, slower growing C. radiatus removal of PsbA was sufficient to largely keep pace with a slower rate of PSII photoinactivation (Figs. 4, 10; Key et al., 2010; Wu et al., 2011) . Under these conditions the larger C. radiatus could exploit the increase in light with little induction of NPQ s ( Fig. 6D,E ; 10, closed symbols) and thus without significant down-regulation of their functional absorption cross section for PSII photochemistry (Fig. 7) . C.
radiatus thus does not incur the opportunity cost of lost photosynthesis during a subsequent downward shift in light, pointing to a competitive advantage for the larger species under fluctuating light regimes (Lavaud et al., 2007) .
Materials and Methods
Culture conditions and growth rates calculation
The diatoms Thalassiosira pseudonana CCMP 1014 and Coscinodiscus radiatus CCMP 312 (both obtained from Provasoli-Guillard National Center for Marine Algae and Microbiota)
were grown in semi-continuous batch cultures using K medium (Keller et al., 1987) 
Upward light shift and recovery experiment
Culture replicates from exponential growth phase were split into two flasks, with 500 μ g·mL 
Fluorescence measurement and photoinactivation parameterization
Chlorophyll fluorescence data were collected using a Xe-PAM fluorometer (Walz)
connected to a temperature-controlled cuvette holder (Walz). At each sampling point, a sample of culture was dark adapted for 5 min to relax photosynthetic activity. A modulated (4 Hz) blue light measuring beam was used to measure F 0 , followed by a 500 ms saturating white-light pulse 
Two kinetic phases of non-photochemical quenching were estimated (Table 2) . Dynamic non-photochemical quenching, NPQ d that relaxed within the 5 min dark period before measurement, and was then re-induced within the short measuring period was estimated as:
This NPQ d phase is equivalent to the NPQ estimated by Zhu and Green (2010) following
Bilger and Bjorkman (1990).
A more sustained phase of non-photochemical quenching, NPQ s , that was induced over the course of the high light treatment, and which persisted through the 5 min dark acclimation period just before measurement, was estimated as: Before, and after, light shift treatments we used a modulated fluorometer to measure F V /F M from culture samples, as described above. At the same times we took 100 ml culture samples and concentrated them 20X by gentle centrifugation at 4000 x g and re-suspension in 5 ml of the residual growth media supernatant (not fresh media). This concentration step was needed to
give sufficient culture density to provoke detectable, short-term, changes in oxygen concentration in the media. We loaded 2.5 ml of the resulting concentrated culture into a plastic 1 cm path length spectrophotometer cuvette and measured the oxygen content of the culture samples using a Foxy R Oxygen Sensor (Ocean Optics, Dunedin, Florida) (Bacon & Demas, 1987) , mounted in a lab-built epoxy gas-tight cuvette plug which incorporates the oxygen sensor , a temperature probe and a thermostatted temperature control loop, which we set to 18 o C. The train (Kuvykin et al, 2008) . Following the 1 min pre-illumination, the oxygen content of the samples was tracked while we used the Superhead to apply a flash train of 3000 red light flashes of 20 μ s duration, ~88,000 μ mol photons·m -2 · s -1 , spaced by 50 ms dark intervals, giving a flash train lasting 150 s in total. We used multiple test samples to verify that this flash train was indeed sufficient to provide saturating, single turnover flashes by varying the level, duration and dark spacing of the flashes. Following the flash train, the sample was kept in the dark once more while oxygen consumption was measured in order to account for the base rate of cellular respiration that took place during the flash train. We then extracted total chlorophyll from the concentrated culture sample into 90% acetone, measured absorbance and used the equations of Jeffrey & Humphrey (1975) to estimate the chlorophyll content of the concentrated culture suspensions. We followed the method of Chow et al., (1989) to use the change in oxygen concentration provoked by the series of single turnover saturating flashes to estimate the content of active PSII per chlorophyll in the suspension as:
In Figure 11 we present the results of this cross-validation by plotting F V /F M from the cultures treated under high light, with or without lincomycin, as percent of growth level F V /F M , versus the content of active PSII in the same cultures, as percent of active PSII in the same culture under growth conditions. The slopes of the linear regressions for measurements with (closed circles)
or without (open circles; some data points obscured) lincomycin were not statistically significantly different (F test) so we present a pooled linear regression for the combined data from culture samples treated with or without lincomycin. Note the strong correlation between F V /F M and the content of active PSII in the cultures. A particular concern of reviewers was that sustained phase(s) of non-photochemical quenching could suppress F V /F M measures, leading to over-estimations of the extent of photoinactivation of PSII in our treatments. In fact, Figure 11 shows that as the content of active PSII in the culture declines towards zero under strongly photoinhibitory conditions, there is a Y-intercept of F V /F M of 33% of control levels of F V /F M .
Therefore, in strongly photoinhibited cultures the F V /F M measure we used somewhat underestimates the loss of PSII activity, rather than overestimating the loss of activity. We are thus confident that our estimates of rate constants for photoinactivation (Fig. 4) are conservative, rather than exaggerated, and that photoinactivation rate constants can indeed exceed rate constants for clearance of PsbA (Figs 2, 4) , as reviewed by Edelman & Mattoo (2008) .
Quantitation of proteins by immunoblotting
Cells were harvested on glass fibre filters (0.7 μ m effective pore size, 25 mm diameter, binder free glass fibre, Whatman), which were immediately flash-frozen in liquid nitrogen and . n=3-5,± SE. 
Thalassiosira pseudonana Coscinodiscus radiatus
